Keywords: daily temperature extremes atmospheric circulation geopotential fields regional climate models northeast Spain Spatial and temporal variability of the most extreme temperatures during extended winter (November-February, NDJF) and summer (May-August, MJJA) have been analyzed over northeast Spain. This work employed a high-quality daily temperature dataset of 128 station records spanning the period from 1959 to 2006. The uppermost (99th) percentile of daily maximum temperature distribution was used to define very warm days (hereafter VWD), while the lowermost (1st) percentile of daily minimum temperature distribution was adopted to identify very cold nights (hereafter VCN). The climatological conditions related to the initialization and persistence of these rare events were also examined. Based on daily Sea Level Pressure (SLP) and 200 hPa and 500 hPa geopotential height fields from the NCEP/NCAR re-analyses, major large-scale circulation patterns corresponding to these events over large domain of the North Atlantic and European regions were used in order to explore their interrelations with anomalous temperature in the study domain. Our results demonstrate that the occurrence of VCN was mainly associated to the dominance of cyclonic (anticyclonic) conditions over southern Europe and the Mediterranean (Scandinavia). This situation corresponded to an increase in the meridional circulation over much area of Western Europe, with strong advection of colder air from northern continental Europe and the north Atlantic to the study domain. For VWD, the most likely factors contributing to the frequency of these events were the north-eastward displacement of the Atlantic subtropical high and the increase in the European blockings. Based on data derived from a suite of regional climate models (RCMs) with the best validation results, future projections of the frequency and intensity of VWD and VCN events were also assessed under the A1B greenhouse gas emission scenario. Our results demonstrate that future VWD extremes could become more frequent and severe during the latter decades of the 21st century, while a number of simulations projected a general tendency for fewer VCN extremes. Over the study domain climate models predict even faster warming rates for the continental areas relative to coastal portions, which clearly comes in contrast with the observed climatology.
Introduction
Recently, numerous studies confirmed that impacts of climate change are much more associated to changes in extreme temperatures than to changes in mean temperatures (e.g., Moberg et al., 2006; Trenberth et al., 2007; Zhang et al., 2011) . These extreme events can have enormous adverse impacts on both natural environments and human activities Chust et al., 2011; Hanemann et al., 2011) . Thus, in recent years there have been an increasing number of studies dealing with detection (e.g., Moberg et al., 2006; Brown et al., 2008; Alexander and Arblaster, 2009; Beniston, 2009; Fischer and Schär, 2010; Martínez et al., 2010) , attribution (e.g., Sutton and Hodson, 2005; Kenyon and Hegerl, 2008; Scaife et al., 2008; Efthymiadis et al., 2011) and modeling (e.g., Tebaldi et al., 2006; Goubanova and Li, 2007; Alexander and Arblaster, 2009; Hertig et al., 2010; Avila et al., 2012) of extreme weather events.
There is a good deal of evidence on significant increases in average temperature over Iberia in recent decades (Brunet et al., 2007a) . For this reason, a growing number of studies have dealt with changes in temperature extremes using indices representing count of days crossing climatolological percentile thresholds (e.g., Prieto et al., 2004; Brunet et al., 2007a; Martínez et al., 2010; Rodríguez-Puebla et al., 2010; El Kenawy et al., 2011a; Fernández-Montes and Rodrigo, 2011; Furió and Meneu, 2011; Ramos et al., 2011) . One example is Prieto et al. (2004) who assessed changes in cold days over peninsular Spain in the period from 1955 to 1998 using a threshold of the 5th percentile of Tmin distribution during the cold half of the year (NDJFM). More recently, Brunet et al. (2007a) studied changes in cold nights (Tmin b 10th percentile) and warm days (Tmax >90th percentile) across the Spanish territory from 1850 to 2005. According to the Spanish Agency of Meteorology (AEMET, www.aemet.es), a lot of record-breaking years with warm events of different intensities and lengths have been observed in Spain during the last two decades (e.g., 1998, 2003, 2005, 2010 and 2012) . These events occur only infrequently and are generally not expected to recur each year as they are statistically far into the tails of the daily temperature distributions. A representative example is the unrelenting 2003 heat wave (WHO, 2003) , in which maximum temperature in the Pyrenees reached its highest value on record exceeding the 35°C threshold. Similarly, a very cold spell accompanied by snow and severe frost damages occurred in January 2002 (Bolle, 2003) . Recently, some studies gave much consideration to assess and attribute changes in such anomalously extreme events, relative to other moderate extremes events that typically occur at least once a year (e.g., Luterbacher et al., 2004; Garcia-Herrera et al., 2005; Trigo et al., 2005; MedinaRamon et al., 2006; Kharin et al., 2007; Brown et al., 2008) . On global scales, Brown et al. (2008) , for example, assessed changes in the anomalous warm (cold) days, defined as days crossing the 98.5 (1.5) percentiles of daily temperature distribution. Over Iberia, Trigo et al. (2005) reviewed the 2003 heat summer, concluding that this anomalously warm event was exceptional in terms of both duration and intensity.
Changes in climate on the regional scale are largely attributed to variability in large-scale atmospheric circulation patterns. Accordingly, changes and variability in extreme events can partly be understood by studying configurations in large-scale atmospheric circulation. Many studies attributed changes in temperature extremes, as driven by large-scale processes over Spain (e.g., Sáenz et al., 2001; Rodríguez-Puebla et al., 2010; Fernández-Montes and Rodrigo, 2011; OrtizBevia et al., 2011; Sánchez-Lorenzo et al., 2011) , the Mediterranean (e.g., Domonkos et al., 2003; Baldi et al., 2006; Founda and van Loon, 2008; Efthymiadis et al., 2011) and Europe (Della-Marta et al., 2007; Carril et al., 2008; Kysely, 2008; Scaife et al., 2008; Sillmann and CrociMaspoli, 2009 ). For example, Rodríguez-Puebla et al. (2010) examined the association between warm days (TX90p) and cold nights (TN10p) and large scale fields, including SLP and 500 hPa. Nonetheless, while the Iberian Peninsula is characterized by varied topography and climate, the driving forces behind the variability of the anomalously cold and warm events are still under debate and not fully explained, particularly on fine spatial scales. One possible reason is that assessing significance of changes in such rare events can be statistically hampered by insufficient sample size for the intended analyses given that these very low (high) daily temperatures do not necessarily occur every year at each location. In general, there is a necessity to highlight the mechanisms that contribute to occurrence and persistence of these very extreme conditions. In the context of climate change impacts, understanding the mechanisms underlying the occurrence of these "exceptional" events can be crucial to enable an assessment of the manner in which they may evolve in the future and in turn to develop a more reliable predictive capability through application of more suitable downscaling schemes.
Under future global warming conditions, the frequency, severity and intensity of extreme temperature events are projected to change during next decades (Tebaldi et al., 2006) . A recent number of studies have shown evidence on changes in the frequency and magnitude of extreme temperatures during the 21st century (e.g., Alexander and Arblaster, 2009; Hertig et al., 2010; González-Aparicio and Hidalgo, 2012; Ramos et al., 2011; Avila et al., 2012) . Over Europe, the severe changes in temperature have been projected in southern Europe and particularly more over the Iberian Peninsula Christensen et al., 2007) . However, although considerable work has been undertaken to assess the observed variability of temperature means and extremes over the Iberian Peninsula, little work has been performed to estimate the impact of future climate change on the behavior of extreme events, particularly on the regional scale. The main challenge for future projections of climate extremes in the region is the lack of high quality observational datasets of daily temperature with a reasonable spatial coverage, which makes it difficult to compare observations objectively with simulations from climate models. For this reason, studies over many regions of Iberia did not allow resolving mesoscale processes (forces) responsible for the regional and subregional climate variability (e.g., fine topography, coastal interfaces and vegetation variations). One example is Gonzalez-Aparicio and Hidalgo (2012) who employed a very limited number of observatories to assess future changes in a suite of temperature-derived extreme indices under the A1B emission scenario over the Basque Country (northern Spain). Furió and Meneu (2011) also projected future changes in the statistical distribution of temperature extremes under different scenarios of the changing climate, employing only four localities across the peninsula Spain. Accordingly, a detailed assessment of future changes in the anomalously extreme temperature on the regional scale is far from being completely understood in Iberia. Acknowledging its varied climate, topography and geography, a better understanding of future changes of these rate events on fine spatial scale has not been attempted. This assessment could be of particular importance for different disciplines, such as agriculture, forestry, hydrology and human health.
The objectives of this study are twofold. First, it aims to link sub-regional variations of very extreme temperature events in NE Spain with modes of large-scale atmospheric circulation at different geopotential levels (200 hPa and 500 hPa) as well as at the mean sea level (MSL). To address this aim we defined the anomalous extreme days using the uppermost (99th) and lowermost (1st) percentiles of daily maximum and minimum temperature distributions, respectively. Understanding synoptic conditions associated with these rare extreme events is of particular concern in this Mediterranean/Atlantic transitional domain. Second, this study endeavors to assess the overall performance of a set of 9 regional climate models (RCMs) to simulate the regional climatology of these unusual temperature events under the intermediate-emission A1B scenario during the 21st century. This is a matter of increasing concern to assess the response of these events to increased greenhouse gas emissions in the future.
Data and methods

Study area
The study area occupies the northeastern region of the Iberian Peninsula. It has an extent of about 159,424 km 2 along a SE-NW Mediterranean-Atlantic gradient. This domain is topographically complex with varied physiography and elevation ranging from 0 to above 3000 m (the mean elevation is 775.4 m a.s.l) (Fig. 1) . The terrain complexity gives rise to different climatic zones, with remarkable continentality in the central portion and maritime influences along the Mediterranean and the Cantabrian Sea. Overall, the climate of the study domain is mainly influenced by the latitude, the altitude, the orography, the complex land-sea interactions and the atmospheric circulation, which make the local climate very variable.
Data description
To accurately describe characteristics of the most extremely severe cold/warm days, long-term, complete, reliable and homogenous daily time series are required. A new compiled daily temperature dataset covering the period 1959-2006 was employed in this study. A full detailed description of this dataset is given in El Kenawy et al. (2011b) . In short, the original dataset was maintained by the Spanish Meteorological Agency (Agencia Estatal de Meteorología, AEMET). Particular attention was then given to check data quality and to eliminate data inhomogeneities. This procedure sounds critical for any detailed and trustworthy analysis of extreme events because retrieving extreme values is very sensitive to the presence of missing values and/ or outliers in the time series. In the present work, daily records of maximum and minimum temperatures covering the period from 1st November 1959 to 28th February 2006 are used. Fig. 1 illustrates the spatial distribution of a network of 128 observatories with complete records. As shown, the observatories are roughly well distributed in the domain, capturing its main climatic regimes (i.e., coastal, continental and mountainous). This dense network can allow better understanding of regional changes and variability in anomalous extreme events in the study domain.
Definition of anomalously extreme days
In climate research there are various methods of defining and characterizing extreme events. These definitions vary from using arbitrary thresholds (e.g., Alexander and Arblaster, 2009; Ramos et al., 2011) to percentile-based methods (e.g., Alexander et al., 2006; Zhang et al., 2011; Zwiers et al., 2011) . In this research, we used a statistical criterion focusing only on very rare and exceptional temperature events. Due to the complex topography and geography of the study area, temperature varies irregularly over short distances suggesting sharp spatial gradients. Accordingly, there is no absolute single temperature value that can be considered extreme over the whole domain. Fig. 2 shows the frequency distribution of maximum (minimum) temperatures during summer (winter) at three different observatories across the region. The 99th percentile calculated for the four-month warm season (MJJA) is over 39°C in Zaragoza airport (the Ebro valley), which drops sharply to 26.1°C in Port del Comte (Lleida) at 1800 m a.s.l. Correspondingly, the definition of VCN ranged between − 6.6°C in Port del Comte and 1°C in Bilbao airport close to the Cantabrian Sea. These examples give strong evidence on high spatial contrasts across the region, which makes the percentile-based methods more advantageous to characterize extreme events relative to arbitrarily based methods.
In this research, we used the 1 and 99% intervals as thresholds to determine the VCN and VWD, respectively. Overall, the uppermost (99th) and lowermost (1st) percentiles of daily temperature distributions can be of particular concern from the climatological point of view for many reasons. First, these percentiles are exceptional from the statistical point of view as they are located at the utmost tails of temperature distributions, which could give a good indication of the impact of global warming on temperature change and variability in terms of both changes in mean and standard deviation. Second, as reported by many previous studies (e.g., Przybylak, 2000; Barriopedro et al., 2011) , assessment of changes in extreme events can vary considerably according to the time scale under investigation. More specifically, important information regarding characteristics of extreme events can be dismissed when anomalies are calculated on longer timescales (e.g., monthly or seasonal). For example, there is some doubt whether or not characteristics of the warmest/coldest day of a month will be captured when computing monthly or seasonal anomalies. In this regard, the most extreme days reveal more analogous events regardless of the scale under consideration. Third, although these rare events are considered "short-term" extremes since they represent events that only occur very few times per year; they are characterized by outstanding magnitudes with large spatial extent (e.g., the 2003 warm spell over the Western Europe and the 2012 cold spell over Central and Eastern Europe). Lastly, the sensitivity of both natural systems and human welfare to extremes is expected to be maximized when the event is more extreme. Indeed, the impacts of extreme events on mortality, human health and even biological adaptation mechanisms will largely be more apparent when temperature values are more intense.
For each observatory, the percentiles were calculated based on the local distribution of daily temperature time series in the period from November 1959 to August 2006. In particular, the VCN were selected from the days fell below the 1st percentile of the distribution of daily minimum temperature calculated for the cold season of the year (NDJF), whereas the VWD were defined as days exceeding the 99th percentile of daily maximum temperature distribution for the warm season (MJJA). This means that, on average, about 1.23 (1.2) days per year would be considered as anomalously warm (cold). In this context, it is worthwhile indicating that uncertainties originating from overestimated exceedance rates outside the selected base period were estimated using a bootstrap resampling approach as proposed by Zhang et al. (2005) . Also, importantly, only those days that have been recorded as very extreme in at least 10 observatories were considered in this work. This procedure simply aims to account for those spatially prolonged events that could likely have broad and significant impacts on both natural and human environments. Other small-scale spatial patterns often reveal very local extreme events, which are physically difficult to interpret, particularly in such a complex terrain region.
Co-variability between very extreme temperatures and associated circulations
Changes in climate on the regional scale are largely attributed to variability in large-scale atmospheric circulation patterns, particularly in mid latitudes (Hurrell, 1995) . Accordingly, changes and variability in the most extreme events can partly be understood by studying configurations in large-scale atmospheric circulation. In order to identify the most favorable synoptic conditions to VWD and VCN, changes in three synoptic fields corresponding to these days were chosen. These circulation patterns represent the surface (MSL), low (500 hPa) and mid (200 hPa) troposphere fields. The corresponding physical processes emphasize not only the land-sea interactions at the ground level (MSL), but they also summarize the overlying air connections (i.e., height field). While the influence of the SLP might be minimized in areas of complex topography as has been reported in previous works (e.g., Simmonds and Murray, 1999) , pressure at high levels of the troposphere does not exhibit diurnal variation and accordingly shows more robustness to local effects (Beniston et al., 1994) . Indeed, using geopotential data at different heights (approximately 1500-5000 m a.s.l) can largely identify whether anomalously extreme temperature variations at the ground are forced by similar/different modes of pressure at mid and shallow troposphere. These height levels were proven to be among the best predictors of climate variability in the Iberian Peninsula (e.g., Rodríguez-Puebla et al., 2001; Brunet et al., 2007b; Vicente-Serrano et al., 2011) , the Mediterranean (e.g., Xoplaki et al., 2003a) and Europe (e.g., PozoVázquez et al., 2001; Slonosky and Yiou, 2002) . Although the study domain has a relatively small area (~160,000 km 2 ), a large window (25°W-35°E and 30°N-65°N) was considered for fields data, including vast areas of Central and Western Europe along with part of northern and eastern portions of the Atlantic Ocean. This spatial extent is large enough to capture the co-variability between local temperature and the driving forces (mechanisms).
In this work the data utilized are the daily anomalies for the winter/ summer months of (i) SLP, 500 hPa and 200 hPa obtained from the large-scale National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) reanalysis on a regular grid of 2.5°× 2.5°resolutions (http://www.esrl.noaa.gov/psd/) (Kalnay et al., 1996) , and (ii) anomalies of temperature during VWD/VCN corresponding to 128 observatories covering NE Spain. In this regard, daily anomalies of temperature and fields data were defined as departures of daily values from long-term monthly means . Herein, the anomalies were calculated on a monthly basis so that the anomalies are the result of removing the mean seasonal cycle.
In order to better understand the dominant modes of atmospheric circulation which are related to sub-regional variations of anomalously extreme events in the study domain, the canonical correlation (CC) analysis was applied. CC is a multivariate statistical technique commonly used to calculate linear combinations between two datasets (i.e., predictors and predictands). This technique is advantageous compared with other multivariate statistics (e.g., multivariate regression) in that it can provide station scale information on the correlation between the dependent and independent variables. Recently, this analysis has increasingly been employed to explore interrelations between climate datasets (e.g., Xoplaki et al., 2003b; Lolis et al., 2004) . For instance, Xoplaki et al. (2003b) used this technique to explore links between the Mediterranean summer temperatures and associated physical processes (e.g., Sea Surface Temperature-SST-, 300 hPa and 700-1000 hPa thickness). A review of the CC analysis and its theory can be found in Lolis et al. (2004) . Following the results of Chi-square and Wilk´Lambda statistics of variance, only significant pairs (variates) at the p-value= 0.05 are retained and explained. However, prior to application of the CC analysis, it was important to reduce dimensions of both temperature and fields data. To accomplish this task, the PCA of S-mode is applied separately for daily anomalies of (i) MJJA anomalous warm temperature, (ii) NDJF anomalous cold temperature. Similarly, the daily anomalies of (i) SLP, (ii) 200 hpa, and (iii) 500 hpa fields corresponding to the extreme days were considered. For each independent dataset, only those PCs that explain more than 5% of the total variance were retained and the time series of scores corresponding to the components were used as input variables in the CC.
Future projections of VWD and VCN
The study domain is characterized by complex topography and sharp climatic gradients, which makes it very sensitive to more severe heat stress. The time series of surface air temperatures in the study area show stronger positive trend during the summer and winter relative to other seasons (El Kenawy et al., 2012) . This motivates a detailed assessment of future projections of rare temperature events to explore the manner in which these events will respond to elevated greenhouse gas emissions in the future. Many studies found that warmer summers and winters are expected to be common in the next decades (e.g., Schär et al., 2004; . To address this question, we evaluated transient simulations from 9 highresolution RCMs driven by different general circulation models (GCMs), which are forced with the intermediate-emission A1B scenario (IPCC, 2007) . The models were chosen based on the availability of simulations under the A1B emission scenario until the end of the 21st century. These models were undertaken in the frame of the European coordinated project (ENSEMBLES, http://ensemblesrt3.dmi. dk/). Combining results from different RCMs is advantageous for projecting climate change on the regional scale. This is not only because the results will not only represent a wide range of different possible outcomes, but also because this approach offers an estimate of the degree of uncertainty associated with future climatic predictions corresponding to each particular model (Kiktev et al., 2003) . In particular, inclusion of different climate models to assess future changes can give an idea on inter-model differences, which can be due to different sources of uncertainty such as parameterization schemes and model components (e.g., atmosphere, ocean, and land-surface interactions) (Meehl and Tebaldi, 2004; Haylock et al., 2006) . Table 1 shows the main characteristics of the comprehensive RCMs used in this study. As presented, this ensemble of models is driven by different 5 GCMs at a horizontal resolution of approximately 0.2°(~2 5 km). In our domain, this resolution enables resolving mesoscale processes (forces) related to complex terrain and land use/cover features affecting variability of both VCN and VWD. These models have extensively been employed for climate simulation studies worldwide (e.g., Boé and Terray, 2008; Kostopoulou et al., 2009; Brands et al., 2011; Errasti et al., 2011) . In this work, the observed data were interpolated for each grid-point by means of the Inverse Distance Weighting (IDW) algorithm using the data from the closest neighborings for the control period . Then, the model simulations were evaluated against the observational gridded temperature by means of the validation statistics, which compared the observed and simulated values for each ensemble. Recalling that future climate projections are manifested as changes in the mean of the climate and/or changes in its shape (i.e., variance), the possible shifts in the tails of temperature distribution must be considered when validating the models. In this work, numerous accuracy (validation) estimators were used to assess the performance of the models, including: the Mean Bias Error (MBE), the Yule-Kendall skewness (YK) and the ratio of coefficient of variation (CV).
The MBE is defined as:
where N is the number of observations, O is the observed value, P is the predicted value, i is the counter for individual observed (predicted) values. The Yule-Kendall skewness is also used to account for the differences in the statistical distributions between the observed and the modeled data. This statistic is computed according to Ferro et al. (2005) as:
where pi represents the ith percentile.
We also compared the ratio of coefficient of variation (CV) between the modeled and observed data at each grid.
The models were ranked according to their ability to reproduce the observed temperature characteristics (i.e., bias and variation). The models with the "best" performance over the region were chosen. Then, the VCN and VWD were analyzed on a grid-point basis. The 1st (99th) percentile of daily minimum (maximum) temperature distribution was calculated at each grid point for each best-validated model for two future time slices: 2021-2050 and 2071-2100. The frequency of VCN (VWD) was defined as the total number of these events per each extended winter (summer). 
Results
Influence of atmospheric circulation
To obtain a more detailed insight in the development of the most extreme events in the study domain, we looked at the large-scale atmospheric circulation which can explain these extreme meteorological events. Fig. 3A depicts anomaly of SLP and geopotential fields corresponding to the mean conditions of climate during summers of the period . It is important to compare between circulation patterns during the severe heat events and those corresponding to temperature conditions during normal days. This comparison highlights the differences between normal and unusual events. It also indicates how circulation patterns may behave differently under these contrasted conditions. Simply, days of normal summer conditions were calculated as days of Tmax higher than the 25th percentile and lower than the 75th percentile relative to each station's own summer climatological temperature ranges. As noted, a positive surface and geopotential anomaly stretches over the Iberian Peninsula: >0.2 hPa for the SLP, >4 gpm for the 500 hPa level and >0.8 gpm for the 200 hPa. Interestingly, a similar spatial pattern was also visible at all levels from the surface to the mid troposphere although this pattern is less accentuated and smaller in magnitude at the surface compared with the warm anomaly composites at upper levels. Fig. 3B reveals the SLP and 500 hPa and 200 hPa geopotential height anomaly associated with VWD from 1960 to 2006 (total days 292). Relative to summer average conditions, there is a higher surface anomaly centered over the mainland Europe (between 3 and 4.2 hPa). Also, when considering other geopotential heights (e.g., 500 hPa or 200 hPa) a similar but stronger low and mid-troposphere geopotential anomaly is observable, with different values (>60 gpm for 500 hPa and >12 gpm for 200 hPa). Spatially, there is a shift of the centre of action northeast to be located over the Bay of Biscay and mainland France. A quick comparison between Fig. 3A and b suggests that weather patterns during summer heat events show differences from the norm conditions. The common conditions show a slight positive pressure anomaly over Iberia and the mid of the Atlantic ocean (west to the peninsula). Contrarily, the days of extremely high temperature exhibited a very strong and persistent high blocking which moves northward further to be placed over central Europe. This situation enhances the presence of a ridge or anticyclone over central Europe. These European blockings and Atlantic ridges are the main drivers of the occurrence of VWD. Correspondingly, a negative anomaly of SLP and geopotential fields is located over the eastern Atlantic Ocean. This configuration enforces a strong inflow of African warm and dry air masses to the Iberian Peninsula, explaining the extreme warm conditions recorded in the northeast of the Iberian Peninsula. Fig. 4 represents anomaly of circulation conditions during VCN (total days 192) compared with extended winter (NDJF) ordinary variations (25th percentile b Tmin b 75th percentile). The average conditions during winter months are characterized by a clear north-south dipole with the dominance of anticyclonic conditions over much area of Europe, including the Iberian Peninsula. This situation also corresponds to a northeastward displacement of the Atlantic subtropical high to be located west of the Iberian Peninsula. Correspondingly, a negative anomaly is mainly located over Northern Europe extending from the British Isles to Scandinavia. In contrast, the anomaly composite of nights which witnessed intense low temperatures (VCN) reveals a similar spatial distribution as in the normal winter conditions, though reversed. In particular, this configuration reveals a remarkable negative (positive) anomaly over the Mediterranean (Iceland and Greenland). The negative surface and geopotential anomaly is represented as a long belt extending diagonally from southwestern to central parts of Europe. However, this pattern is maximized over the western basin of the Mediterranean (>4 hPa for SLP, >75 gpm for 500 hPa and >16 gpm for 200 hPa). Also, the positive anomaly shows a strong gradient over the Northern Atlantic and Europe (Fig. 4B ). This configuration is visible at the surface and at the low and mid tropospheric levels enforcing the meridional circulation over the study domain with strong advection of northeasterly continental colder air flows originating over Scandinavia and western Siberia. The increasing negative geopotential anomaly with height can induce more advection of colder air at the upper levels as a consequence of instability. In general, the configurations corresponding to VCN are mainly linked to an increase in the meridional circulation (northerly flows) relative to normal winter conditions which are conditioned by zonal circulation (the westerlies) from the Atlantic Ocean. This strongly suggests that VCN are closely related to changes in large-scale circulation patterns.
Co-variability between anomalously extreme temperature and atmospheric circulation
Large-scale atmospheric circulation is responsible for air advection that controls temperature variations on the regional scale. In this section, the connection between the spatial variability of VWD/ VCN and the main centers of large-scale atmospheric circulation patterns was analyzed by means of the CC analysis. For each canonical Fig. 6 . The same as Fig. 5 , but for 500 hPa-VWD.
pair (variate), the results were presented in two maps: one for the independent variable (i.e., large-scale atmospheric fields) and the latter for dependent variables (i.e., local VWD/VCN). This pair of maps provides an explanation of the physical reasoning of VWD/VCN canonical variate by identifying the main centers of action of circulation patterns that significantly correlate with the spatial modes of VWD/ VCN over the study domain.
3.2.1. VWD Fig. 5 depicts three surface synoptic patterns that explain regional variability of VWD over northeast Spain. The first leading function reveals strong and statistically significant positive correlation between anomalously higher temperature over the western areas of the study domain and SLP regime over the Iberian Peninsula near to the Cantabrian Sea. The second and third functions show rather similar synoptic situations, suggesting that the behavior of VWD temperature along the coastal regions is mainly driven by SLP over the mid latitudes of the Atlantic Ocean and the Western Mediterranean. As illustrated, it can be seen that positive temperature anomaly along the Cantabrian Sea is well correlated with waters west of the Mediterranean basin (the second function), while the intensity of VWD in the Mediterranean observatories is strongly driven by the positive SLP anomaly over North Africa and north to the British Isles (the third function). Interestingly, the first pattern is monopole with positive correlation with temperature anomalies in all sites although the highest significance occurs close to the Cantabrian system in the west and the lowest is found near to the Mediterranean Sea. In contrast, the second and third functions suggest more spatial contrasts, indicating that more intense VWD on the Cantabrian Sea always correspond to less intense VWD close to the Mediterranean Sea and vice versa. Fig. 6 also reveals three statistically significant canonical functions (95% confidence level) that explain links between VWD and 500 hPa. The canonical correlation coefficients range from 0.31 to 0.72. Similar to SLP, the first function indicates a statistically significant positive correlation between 500 hPa geopotential anomaly north to the peninsula and high temperature anomalies across our domain. The second function highlights the influence of high anomaly of 500 hPa over the western Mediterranean and North Africa on intense temperature in the Mediterranean and central regions. The correlation coefficients reach its highest values in the centre of the Ebro valley. Fig. 7 suggests three canonical functions to relate VWD with 200 hPa geopotential field, with correlation coefficients varying from 0.14 to 0.64. The first function demonstrates that the 200 hPa anomaly over the Iberian Peninsula, mainly located over the Cantabrian Sea, is highly correlated with intense VWD temperature in northeast Spain. Positive anomaly at this geopotential induces stability at this upper level causing above-normal temperature and in turn clear skies. This influence is more apparent in northwestern areas of the study area. This synoptic pattern fits well with the first function detected at both the surface level and 500 hPa. The very high correlation (highest r values above −0.9) ensures that, during summer months, extremely high temperature over the western parts of the study area is significantly related to the positive geopotential anomaly over the Cantabrian Sea. Contrarily, negative pressure anomaly over the peninsula implies less intense warm days, particularly over western portions of the study domain. The second function indicates that intense extreme warm days along the Mediterranean are mainly conditioned by the pressure anomaly over the British Isles (r> 0.6, p b 0.05) and the Western Mediterranean (r> 0.4, p b 0.05) although the direction is reversed. These anomalies bring warm and moist air from the positive anomaly over the eastern Mediterranean and North Africa to the peninsula, causing abovenormal temperature in the coastal observatories. This dependency is reversed in mainland areas (i.e., the Ebro valley) as the correlation becomes negative although it is still statistically insignificant. The third function characterizes the possible influences of warm masses from the Sahara and North Africa. The correlation coefficients with temperature variate suggest a SE-NW gradient, with more (less) intense warm days in south and east (north and west). Fig. 8 represents three main synoptic conditions that explain sub-regional variability of VCN at sea level. All these patterns imply that the surface anomaly pattern over the North Atlantic region is the main controller of VCN over northeast Spain. The first function (canonical r = 0.65) indicates a generally negative correlation between SLP north of the British Isles and magnitude of temperature during VCN over the study area. In particular, positive (negative) pressure anomaly north of Ireland implies more (less) severe cold days in the whole domain, with few spatial differences (Fig. 8A) . Importantly, the regional response of VCN to SLP anomaly over the Atlantic is largely dependent on the location of the Atlantic SLP centre action. The first function reveals a strong influence of the Arctic flows when the highs are located over the British Isles, meanwhile the second function suggests less (more) intense VCN over the elevated areas to the west and the Pyrenean mountains northward (r > 0.4) when high (low) anomaly is placed near to the Iberian Peninsula. The third function suggests the possible influence of the Azores high that can extend further to the Eastern Mediterranean during winter months. The north displacement of the Azores assumes that temperature intensity in the whole domain, apart from Catalonia in northeast, is negatively influenced demonstrating warmer conditions and less frequent VCN. Fig. 9 illustrates the leading functions of 500 hPa-VCN covariability. The first function indicates that the deep depression over the Iberian Peninsula is favoring for more intense cold days as it encourages strong advection of northerly flows from western Siberia. The second function suggests a statistically significant positive relationship between 500 hPa anomaly over the Atlantic Ocean west to the Iberian Peninsula and cold extreme days in the western windward areas of the study domain. Fig. 9C obviously reveals that colder air masses over the study domain are strongly linked to the negative anomaly over the mid latitudes of the Atlantic Ocean, suggesting air advections from colder continental areas in central and northern Europe. This function also implies that zonal advection from the Atlantic is dominated by high humidity advection enhanced by strong anomaly of the westerlies, which is favoring for less intense cold days. The third function also indicates a negative correlation between the anomaly of 500 hPa over North Africa and intensity of VCN in the Mediterranean areas in the domain. Under this configuration, the lower tropospheric flows over the western Mediterranean and North Africa in addition to the warm SST enhance the cyclones formation. This situation strengthens the colder air flows from the north and northeast. Fig. 10 illustrates the main leading 200 hPa synoptic patterns that explain VCN spatial variations during the winter season (NDJF). In accordance of the first function explaining 500 hPa-VCN co-variability, the first function (canonical r = 0.73) indicates that Tmin anomaly during VCN in vast areas of the study domain is positively correlated Fig. 9 . The same as Fig. 5 , but for 500 hPa-VCN. with 200 hPa anomaly over the peninsula. Negative 200 hPa anomaly assumes more intense cold days. This situation also highlights the strong influence of the Icelandic High as it causes anomalous advection of cold air from the anticyclones near to the British Islands and Scandinavia to the deep cyclones over the Iberian Peninsula. While the first and second functions highlight the effect of meridional circulation as colder airflows move from the north (Islands High) to southern Europe, the third function mainly strengths the influence of the zonal circulation. The anomalous high (low) over the north Atlantic around (55°N, 25°W) and the anomalous low (high) in the Central Europe suggests zonal circulation with western and northwestern (eastern and northeastern) advections over southern and southwestern Europe. The enhanced westerlies cause less intense temperature in northeast Spain during wintertime.
VCN
Future projections of anomalously extreme days
In order to evaluate the performance of the RCMs, uncertainty associated with future projections was assessed by means of the cross-validation statistics. To determine how well the models simulated the main characteristics of the observed temperature from 1971 to 2000 (e.g., the mean, standard deviation, skewness, symmetry), the performance of the models was tested by comparing their simulated (predicted) values against observed gridded data. A comparison of the statistical properties (i.e., the mean, skewness and CV) of modeled and observed data for the 9 different RCMs is summarized in Fig. 11 . For the extended summer season (MJJA), the results generally revealed a better performance of the MPI and KNMI models, with an average bias of − 1.1 and − 1.8°C respectively. The 99th percentile was well modeled by the same models although they were a bit underestimated (− 1.19°C for MPI and − 1.16°C for KNMI). In terms of the YK coefficient, the same models also showed a very good performance with values close to 0. Similarly, the ratio of CV for modeled and observed gave reasonable results with values generally close to 1. For the extended cold season (NDJF), the models with the best performance were the METNO, ICTP and KNMI with a mean bias of 0.7, 0.8 and 1°C, respectively. These models were also able to capture the magnitude of the 1st percentile, as derived from wintertime Tmin series at each grid, with absolute differences of 0.2, -0.7 and 0.1°C, respectively. These biases were markedly smaller compared with differences in magnitude of the 99th percentile for summer Tmax time series. Over the domain this implies that the models perform better in capturing the forces (processes) controlling VCN variations than VWD. Interestingly, this was also the case for extreme maximum temperatures at highly elevated sites with colder temperatures.
In this work, the decision was made to select the models with the "best" performance defined based on their overall skill with respect to all the statistics used for the validation purpose. The chosen models should reproduce the main characteristics of the observed climate (i.e., the mean, skweness and variance). In addition, inclusion of more than a single model is advantageous to estimate the range of projected responses of the climatic system to global warming. Following the validation results, two different RCMs were used to simulate VWD (MPI and KNMI), while three models were used to project changes in VCN (METNO, ICTP and KNMI). Fig. 12 shows changes in the magnitude of the 99th percentile over the periods and (2071-2100) as compared with the control period , calculated for the two selected models with the best performance. Under the A1B emission scenario, the MPI and KNMI models agree that the magnitude of the 99th percentile during the period 2021-2050 will be reduced by an average of −1.6°C and −1°C, respectively. Fig. 12 depicts clear spatial differences as grid points along the Mediterranean coast and across the central Ebro valley exhibited an increase in the 99th percentile values by 2-3°C, relative to the observed climate. Interestingly, other regions demonstrate a decrease in the magnitude of the 99th percentile. As depicted, these changes are spatially well-matched between the two models, suggesting negative anomaly at highly elevated sites along the Pyrenean (north) and the Iberian system (south and southwest). During the period 2071-2100, this magnitude will markedly be more intensified, with an average of 3°C and 4.2°C for KNMI and MPI ensembles, respectively (Fig. 12) . This substantial projected increase in the magnitude of the 99th percentile of daily Tmax distribution indicates that more heat stress could dramatically be intensified in the last decades of this century. For this period, the regional differences among the two models show similar spatial patterns. The distribution of changes in the 99th percentile magnitude seems to be elevation dependent, with higher values at lowest elevations (e.g., the Mediterranean coasts and the Ebro valley) and lower magnitudes at more elevated sites to the west (the Cantabrian system) and southwest (the Iberian system). Fig. 13A , a generalized decreasing (increasing) in the number of VWD is detected for the two periods, respectively. During the 2021-2050, the cooling of VWD is more pronounced along the Cantabrian, the Mediterranean and at elevated sites in the west, whereas it is less evident in lowlands and inland. This comes in accordance with the spatial structure of the simulated changes in the magnitude of the 99th percentile. A similar spatial pattern is also observed during the period 2071-2100, but with rapid changes in the frequency of VWD, particularly along the coasts.
Simulated changes in the magnitude of the 1st percentile of wintertime (NDJF) minimum temperature, calculated as differences between this magnitude for the 30 yr minimum temperatures in the baseline and future scenario periods (2021-2050) and (2071-2100), are presented in Fig. 14. Analogous to the expected warmer climate in the future, changes in the magnitude of the 1st percentile tend to increase gradually over the two time slices: 2021-2050 and 2071-2100 under the A1B emission scenario. This result suggests that the VCN will become substantially less severe in the future as the cold tail of daily minimum temperature is shifting toward warmer conditions. However, a slight increase occurs over the period 2021-2050, with an average of 0.16°C, 0.29°C and 0.43°C for the ICTP, KNMI and METNO ensembles, respectively. The projected warming of the 1st percentile will be sharply larger over the latter decades of the 21st century, with an average of 1.94°C, 2.4°C and 3.3°C for the ICTP, KNMI and METNO ensembles, respectively. For the two time slices, spatial variations in the magnitude of the 1st percentile seem to be robust and similar between the different models, suggesting more warming in the west and close to the Cantabrian Sea and less increase and even a decrease in the eastern parts and over the Pyrenees.
Future changes in the frequency of VCN are given in Fig. 15 . The simulated changes in the number of these cold extreme events fit well with spatial changes in the magnitude of the 1st percentile of daily Tmin distribution during the extended winter season (NDJF). In accordance with the projected warmer conditions during the last decades of this century relative to earlier decades, less frequent (intense) cold days can be expected at the end of the century. Our results suggest that the most elevated sites in the west (the Cantabrian and Iberian systems) will exhibit less severe cold conditions in the two simulation periods, whereas the eastern portions will exhibit more cold events, particularly close to the Mediterranean.
In this context, it is also important to look at the relationship between changes in the mean and/or standard deviation of temperature on one hand and the frequency of VWD/VCN on the other hand. This is mainly motivated by our interest to explore whether changes in the frequency of VWD/VCN over the study domain are more linked to changes in the occurrence of these days (i.e., standard deviation) or changes in the intensity (i.e., the mean) of temperature during these days or both. For each grid, the association between the frequency of these days ( categorized as F+/F−) and changes in (i) the mean (categorized as M+/ M−) (ii) standard deviation (categorized as S+/S−) and (iii) combined effects of changes in the mean and standard deviation (categorized as M+/S+, M+/S−, M−/S−, M+/S−) are examined for each individual ensemble. The results are presented in Fig. 16 . The findings suggest that more frequent VWD during the period 2071-2100 can be explained by the combined effect of positive changes in both the standard deviation and the mean of summer Tmax. There is a spatial consistency between positive changes in the mean (M+) and increase in the frequency (F+) of VWD in more than 80% of the grids across the whole domain. The same finding is also observable for the (S+, F+) pair and for the (M+ and S+, F+) pair. Nonetheless, this effect is clearly minimized during the 2021-2050 period with less frequent VWD, as a consequence of the significant decrease in the standard deviation of summer Tmax. These results suggest that the decrease in the standard deviation has more influence on VWD when compared with the impact of the decrease in the mean during this period. For VCN, this dependency is more stable with a steady decrease in the standard deviation during both simulation periods (2021-2050) and (2071-2100) and an increase in wintertime (NDJF) minimum temperature in spite of its weak warming rates during the first decades of the century. Accordingly, it can be demonstrated that the simulated decrease in the frequency of VCN during next decades cannot solely be explained by the shift toward higher minimum temperatures in the future.
Discussion and conclusions
This paper mainly describes the main synoptic patterns that contribute to the sub-regional variations of the most extreme heat events in northeastern Spain. Though being defined using different statistical methods, our findings on the VWD assume that the warmest summer days reveal a strong positive anomaly at different levels (i.e., SLP, 500 hPa and 200 hPa) over central Europe, which corresponds to a negative anomaly located over the Atlantic Ocean near to the Iberian Peninsula. In particular, while this study differs from some earlier studies in terms of the definition of VWD as it uses the most upper (99th) percentile of daily maximum temperature distribution, the configurations of large-scale atmospheric circulation at the different levels suggest a significant increase in pressure at MSL and the 200 hPa and 500 hPa geopotential levels over the Mediterranean and Western Europe during recent warmer summers. This finding is comparable with earlier works (e.g., Wanner et al., 1997; Maheras et al., 1999; Xoplaki, 2002; Baldi et al., 2006; Della-Marta et al., 2007; Carril et al., 2008) . For example, Xoplaki (2002) found statistically significant increase in 500 hPa geopotential height from the tropics to the mid latitudes during summer months; the European regions west of 30°E being the areas with the most significant trend. More recently, DellaMarta et al. (2007) found connections between low (high) SLP over the Mediterranean and less (more) frequent warm days over the Iberian Peninsula. In the same way, Carril et al. (2008) attributed warmer summers in the Western and Centre Mediterranean to a baroclinic pattern of anomalies, which can be associated to a regional shift of the descending branch of the Hadley circulation. Overall, the quasi-stationary anticyclonic circulation anomalies over central Europe and the Mediterranean enhances advance of warm-dry air flows from the enhanced ridges from overheated European plains to the west and southwest. This situation comes in agreement with previous regional (e.g., Trigo and DaCamara, 2000; Lorenzo et al., 2008) and continental studies (e.g., Beniston and Diaz, 2004; Black et al., 2004; Fink et al., 2004; Luterbacher et al., 2004; Della-Marta et al., 2007; Fischer et al., 2007; Carril et al., 2008) . For example, Lorenzo et al. (2008) showed that the northeastern flows showed their high frequency over northern Spain during warmer summers. Also, Garcia-Herrera et al. (2005) attributed higher maximum temperature during summertime in Madrid to the southern warm advection from southern Spain and North Africa. Conversely, a minimized influence of the westerly air flows during the most extreme warm events is evident, suggesting more influence of the Mediterranean Sea flows (i.e., easterly, northeasterly and southeasterly) compared with the Cantabrian Sea flows (i.e., westerly and northwesterly). Trigo and DaCamara (2000) found that the least frequency of the W and NW types occurs during the May-August period of each year over the peninsula.
Changes in VCN can be attributed to two main synoptic conditions. First, they are related to low surface and geopotential anomalies in the 200 hPa and 500 hPa geopotential heights over the Peninsula, which encourage strong advection of cold polar air masses originating from the European anticyclones. This finding has been reported in some works (e.g., Klein Tank and Können, 2003; Prieto et al., 2004) . For example, Klein Tank and Können (2003) attributed much of variation in cold extremes over the Western Europe and the Mediterranean winters to cold airflows from the snow-covered European continent and the northern Atlantic Ocean. Similarly, Prieto et al. (2004) identified the Artic (AR) synoptic pattern as responsible for much of variability in cold days over the Iberian Peninsula. According to this explanation, the decrease in the frequency and intensity of colder events can mainly be linked to a decrease (increase) in the meridional (zonal) circulation over Western Europe in recent years. Werner et al. (2000) reported an increase in the mean residence time of zonal circulation during wintertime North Atlantic/European sector since the 1970s. More recently, El Kenawy et al. (2012) found that warmer winters in northeast Spain are mainly linked to the increase in zonal circulation, as revealed by more warm advections from west and southwest. This situation corresponds to weaker flows from colder continental areas in north Europe as a consequence of the increase in the frequency of the Atlantic blockings. The second dominant pattern corresponding to the occurrence of VCN is linked to the presence of deep anticyclones over the study area for several days, which help local factors (e.g., fog) to generate VCN. Prieto et al. (2004) demonstrated that this situation is responsible for the occurrence of colder temperatures in the Iberian Peninsula when there is a general absence of any significant pressure gradient. The persistence of this pattern for uninterrupted days can enhance the occurrence of VCN. The large-scale atmospheric circulation at SLP, 200 hPa and 500 hPa levels was proven to be related to spatial variability of very extreme temperature events in northeast Spain. The results derived from both the composite maps and the CC analysis pointed out that the patterns of the 200 hPa and 500 hPa anomaly fields resemble that of the SLP modes. The spatial patterns of SLP and upper air (200 hPa and 500 hPa) anomalies remain more or less consistent during both VCN and VWD, just with different values. This more or less similarity implies that cyclones/anticyclones are developed simultaneously at these different levels. This indicates a stationary vertical structure of pressure, suggesting that extreme temperature variability on the seasonal scale (winter vs. summer) is forced by similar modes of pressure at mid and shallow troposphere.
A comparison between canonical functions to assess co-variability between anomalous temperature and geopotential fields indicates that no single function can solely explain this interrelationship. This suggests a high degree of variability among these fields and temperature over the region. More specifically, the CC functions during VWD suggest that the severity and frequency of VWD can be understood as a function of the changing relationship between the centers of anomaly on the Mediterranean and the Atlantic. In general, VWD seems to be highly correlated with surface and geopotential anomaly in adjacent seas (i.e., the Atlantic and the Mediterranean). Contrarily, VCN showed low correlations with surface temperature over surrounding waters. This may imply that changes in sea surface temperature (SST) can possibly act as a key driver for the extremely severe warm days. In earlier works, Colman (1997) and Colman and Davey (1999) discussed the association between the European summer temperature and SST anomalies in the North Atlantic during the preceding winter. More recently, Black and Sutton (2006) also highlighted the role of the SST anomalies in the Indian Ocean and the Mediterranean on the European heat wave of 2003.
The results indicate that the 500 hPa geopotential height is the atmospheric regime which can reasonably well explain the variability of most extreme events in NE Spain (Figs. 6 to 11) . Contrarily, the influence of SLP can likely be minimized in the study domain as a consequence of complex topography. Simmonds and Murray (1999) indicated that the large-scale atmospheric circulation at the SLP have little impact when the topography exceeds 1 km. Nonetheless, a quick inspection of the main functions explaining the connections between 500 hPa field and VCN/VWD suggests that the degree of co-variability between 500 hPa field and anomalous temperatures is more apparent during VCN relative to VWD. The canonical correlation coefficients corresponding to 500 hPa-VCN functions are generally higher than those of 500 hPa-VWD. This suggests a higher covariability between 500 hPa over Western Europe and the Mediterranean and anomalous temperature in the study region during winter months than in summer months. This finding can be seen in the context that temperature variability during wintertime largely depends on air advections at the lower tropospheric layer (e.g., 500 hPa level), which is always above the surface apart from very high mountain sites. This finding can be of interest for physical interpretations, applications of more reliable downscaling schemes and predictability. This finding could also be of potential importance for the projection of extremes in future climate scenarios. This height level has been proven to be among the best predictors of variability of temperature extreme events in the Mediterranean (e.g., Xoplaki et al., 2003a,b; Vicente-Serrano et al., 2011) , Europe (e.g., Pozo-Vázquez et al., 2001; Slonosky and Yiou, 2002; Xoplaki, 2002; Jacobeit et al., 2003) . In the Iberian Peninsula, a number of studies have related variability of extreme temperature with large-scale atmospheric circulation at this low troposphere level (e.g., Sáenz et al., 2001; Della-Marta et al., 2007; Rodríguez-Puebla et al., 2010) .
Our results using CC analysis also suggest that spatial variability of VWD and VCN cannot be explained solely by changes in atmospheric circulation. Other mechanisms should be considered to explain the occurrence of these events. Ogi et al. (2005) , Seneviratne et al. (2006) and Fischer et al. (2007) , among other authors, highlighted the role of surface-atmosphere feedback mechanisms such as soil moisture, long periods of clear-sky conditions, subsidence, the Northern Hemisphere annular mode, northward extension of the Hadley cell, and an upper-troposphere double jet on the frequency and severity of VWD. For example, soil moisture can strongly enhance convection, favoring for a higher increase in the frequency of these days in regions characterized by dry soils. Fink et al. (2004) demonstrated that the 2003 anomalous warm summer in Central and Western Europe were markedly accompanied by a decrease in precipitation, favoring for a deficit in soil moisture. Similarly, Barriopedro et al. (2011) linked the anomalous 2010 summer over Eastern Europe with lack of water availability due to deficit of both wintertime precipitation and early spring snow cover. Overall, this situation enhances strong sensible heat fluxes transferred from the surface to the atmosphere causing above-normal thermal conditions. Similarly, the anomalous warm days can be associated with changes in cloud cover anomalies. Philipona et al. (2009) and Vautard et al. (2009) indicated that changes in cloud cover, among other processes, might be important to explain spatial and temporal variability of very warm days. In the same way, the synoptic conditions corresponding to VCN can be related to some local processes (e.g., snow pack, surface albedo).
In this work a set of 9 high-resolution simulations of the RCMs was employed to test their ability to project changes in the frequency and intensity of VCN and VWD during the 21st century. Following the validation results, future changes in VCN and VWD have been assessed for the 2021-2050 and 2071-2100 periods using the data derived from the RCMs with the best performance. The results generally suggest more significant changes in the intensity than in the occurrence of VCN in the future. This can be clearly seen when comparing rates of change in the magnitude of the 1st percentile with changes in the frequency of VCN. This comparison may suggest that future changes in the mean of Tmin during the extended cold season (NDJF) will be stronger than changes in the standard deviation. This situation leads to few changes in the frequency of these events while there is a significant change in the magnitude of temperature recorded during these days. The same finding has been confirmed by Prieto et al. (2004) for the observed cold days across the Iberian Peninsula, suggesting no significant changes in the standard deviations of daily minimum temperature distribution. Recently, projected significant increases in the deciles of Tmin for most of Spain using different RCMs. Also, a visual comparison between Figs. 10 and 11 shows that the magnitude of the 99th percentile of summer Tmax increases at rates greater than the increases in the 1st percentile of winter Tmin during the second half of the 21st century. This indicates a rapid increase in the warm tail of daily temperature distribution than in the cold tail. Beniston and Diaz (2004) found that summers Tmax over Europe will be more extreme during the second half of the 21st century. This picture will be reversed during the earlier decades (2021-2050) as the 1st percentile of daily minimum temperature will rise at rates higher than the 99th percentile of daily maximum temperature, suggesting rapid warming of minimum temperature than in maximum temperature in earlier decades.
This work is part of a global effort to highlight the physical processes behind the variability of weather extremes. Recalling that few studies have examined changes in extremely low and high temperature events in the Iberian Peninsula and, similarly, relatively little is known about the driving forces responsible for variability of these severe events, our results can be seen in the context of improving understanding of these rare events in the peninsula. The obtained results on future simulations can also contribute to enhancement of climate change adaptation and disaster management. In addition, they could have considerable implications in various disciplines such as hydrology, water resources management, ecology, mortality rates and energy demand and consumption.
